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Topographically  Directed  Photolithography: 
generation  of  a  dipole  array 


Lift-off;  gold  on  silicon 


Fabrication  of  Metallic  Heat  Exchangers  Using  Sacrificiai 

Polymer  Mandrils 

Francisco  Arias,  Scott  Oiiver,  Bing  Xu,  and  George  M.  Whitesides 
Department  of  Chemistry,  Harvard  University 


c  o  c 
i  E  .2 

^  o  v>  c 

is  2^ 

m  ^  2-  8 
<v  "  <0  ji: 

a:  s  >  lij 

•  •  •  • 


o  iS 
®  0) 

=  11 
CO  g  g 

(0  o  .2 

2  E  (A 

2^1 
S  E  5 
Z  O  I 

2-r  « 

>•5  s  £ 

«  'C  («  U 
■?r  o  c  3 
^  (0  o  ^ 
O  (0  u  (0 


(0 

E 

® -o 

(0  c 

>»  CO 
CO  (/) 

c  = 

:=  2  CO 
O  §  o> 
O  S  c 

^  t‘'g 

■  •  S  2 
go® 

o  u  C 

'5  'E  -2 
o  2  o 

=  ^  CO 
0.0^ 
Q.  ®  St 

<0-0 


t  c 

—  CO 
CO  JC 


0  0 
£  "O 


O  lO 
' 

CO  o 


15  5 

s  s 

£  *C- 
0  CO 

S:  3 
CO  o 
Q.  ‘C 

2  g 
a  > 

o  £ 
0)  > 
■s  ^2 

*W  0 

p  D) 

S  g 

I  « 

>  X 
•  0) 


200  |jm  unfilled  cylinders,  500  [im 
stripes,  or  150  pm  posts. 


Fabrication  of  Heat  Exchangers 


Metallic  heat  exchanger 


200  |xm  thick  walls 


Characterization  of  Heat  Exchangers 


400  unfilled  cylinders  150  i^m  posts 


0  10  20  30  40  50  60  70 


Electrical  power  dissipated  in  the 
heat  source  (Wcm  *^) 


Microscale  Sandwich  Panels 

Francisco  Arias,  Bing  Xu,  George  M.  Whitesides*,  Yuki  Sugimura,  Anthony  Evans 

Department  of  Chemistry,  Harvard  University 
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Fabrication  of  Microgrids 


Nickel 


1)  Electrodeposition  of  Ni 

2)  Heat  at  350"C  for  30  min 
to  separate  structure  from 
the  wafer 


Photol  ithography 


1)  Dissolve  PDMS  in  TBAF/THF 

2)  Cr/Au  Vapor  deposition 

u 


Electrodeposition  of  Nickel 


Polymer/nickel 

microcomposite 


Bending  Tests  of  Sandwich  Paneis 


Four-point  bending  test: 


0 

’ 

Sandwich  panel 

i 

k  i 

0 

1 

3 

6  =  load  point  displacement 


£1  =  6.67x10-^  P/5 


Force  vs.  load  displacement  plot  for  a  nickel  honeycomb  panel: 

'(Regular  Hexagonal  Hoeycomb) 


Bending  Moduli: 

Exp.  136  GPa 
Theor.  132  GPa 


0  0,85  05  0.75  1  1.25  1.5  1.75  2 

Load  Point  Displacement  (mm) 


Forming  Electrical  Networks  in  Three  Dimensions  by 

Self-Assembly 

D.  H.  Gracias,  J.  Tien,  T.  L  Breen,  C.  Hsu  and  G.  M.  Whitesides 
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Self-assembled  wedge  shaped 
polyhedra  to  form  a  solenoid. 


Printing  on  Curved  Surfaces 

R.  Jackman,  S.  Brittain,  H.  Wu,  G.M.  Whitesides, 
Department  of  Chemistry,  Harvard  University 
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and  ^  60  degrees  of  the  surface  area) 


Print  on  Curved  Surfaces 


spherical  surface 
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Fabrication  of  Complex  Geometry 
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Complex  Geometry 


Fabrication  using  Laminar  Flow 

Paul  Kenis,  Rustem  Ismagilov,  and  George  M.  Whitesides 
Department  of  Chemistry  and  Chemical  Biology,  Harvard  University 
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Photo:  Scott  Brittain 


Fabrication  using  Multiphase  Laminar  Fiow 

Apply  different  chemistries  from  different  phases 


reductant 


In-Channel  Three-Electrode  System 

Fabrication  Cyclic  voltammetry 


P.J.A.  Kenis,  R.F.  Ismagilov,  G.  M.  Whitesides,  Science,  285,  83-85  (1999) 


Ceramics:  SiC 

Scott  T.  Brittain,  Hong  Yang, 

George  M.  Whitesides,  Harvard  University 
Martin  Erhardt,  Raiph  Nuzzo,  University  of  iiiinois  at  UC 
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Glassy  carbon  microstructure  before  Si  deposition. 


New  Ceramics  for  the  Fabrication  of  Small  Structures 

Hong  Yang,  Scott  T.  Brittain,  Pascai  Deschatelets,  Robert  G.  Chapman,  and  George  M.  Whitesides 
Department  of  Chemistry  &  Chemical  Biology,  Harvard  University 


Microelectrochemistry:  Saran  Wrap  Electroplating 

Wilhelm  Huck,  Scott  7.  Brittain,  Hongkai  Wu, 

George  M.  Whitesides,  Harvard  University 
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~100  jj.m  feature  sizes 


Rapid  Prototyping  Using  Silver  Halide-based  Film 

Tao  Deng,  F.  Arias,  R.  F.  Ismagilov,  P.  J.  A.  Kenis, 
and  George  M.  Whitesides 
Department  of  Chemistry,  Harvard  University 
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Gold  Lines  Fabricated  using 
Silver  Halide-based  film 


Electrochemical  Detector  for  Microfluidic  Systems 
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T.  Deng,  F.  Arias,  P.  Kenis,  R.  Ismagilov,  and  G.  M.  Whitesides 


Fabrication  of  3D  Microfluidic  Systems 

Anderson,  Chiu,  Jackman,  Cherniavskaya,  McDonald,  Wu,  Whitesides,  and  Whitesides 
Department  of  Chemistry  and  Chemical  Biology,  Harvard  University 
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•  We  can  transfer  discontinuous  features 
between  substrates  without  distortion 


MEMBRANE  SANDWICH  METHOD 


Anderson,  Chiu,  Jackman, 
Cherniavskaya,  McDonald,  Wu, 
Whitesides,  and  Whitesides 


n  >1 


Anderson,  Chiu,  Jackman, 
Cherniavskaya,  McDonald,  Wu, 
Whitersides,  and  Whitesides 


Three-Dimensional  Self-Assembly  of  Micron-Sized  Objects 

Joe  Tien,  Thomas  D.  Clark,  and  George  M.  Whitesides 
Department  of  Chemistry,  Harvard  University 
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Future  Directions:  Near  Term 


Microorigami,  composites  and  trusses  (pUAVs,  read  arms) 

•  tensegrity  structures — incorporation  of  polymeric  elements 
into  metallic,  3D  structures 

•  maximize  the  stiffness-to-weight  ratio  of  the  panels 

•  use  diffusion  bonding  of  nickel  instead  of  tin/lead  soldering  to 
assemble  sandwich  panels 

Slot  filters  (thermophotovoltaics) 

•  smaller  critical  dimensions  (~1 00  nm  line  width) 

•  fabrication  on  curved  surfaces 

Heat  exchangers  (high  power  microelectronics) 

•  modules  with  high  surface  area  and  low  thermal  resistance 

•  non-planar  heat  exchangers 

Microcontact  printing  on  curved/spherical  surfaces 
(curved  focal  plane  IR  detector) 

•  solve  the  distortion  problem  for  printing  on  spherical  surfaces 

•  additive  methods 

•  functional  components 

FLO  for  fabrication  of  microelectrode  systems  (BWD) 

•  integrated  micro-analysis  systems 

•  use  for  logic/problem  solving 

Dali  crosses  (photonic  bandgap  materials) 

•  increase  yield  and  quality  of  the  crosses 

•  modify  faces  of  the  crosses  and  self-assemble  into  ordered 
3D  structures 


Future  Directions:  Far  Term  or  Technology  Base 

Rapid  prototyping  using  Soft  Lithography 

•  generate  structures  at  1-pm  scale 

Microelectrochemistry  on  Saran  Wrap  (curved  surface  fabrication) 

•  quantify  and  minimize  distortion  during  stretching 

•  reduce  feature  size  to  1  pm 

Self-assembly  (3D  electronic  circuits) 

•  controlling  assembly  size  and  shape  through  templating 

•  add  transistors  to  the  faces 

•  Self-assembly  of  photonic  bandgap  crystals 

Rapid  prototyping  using  silver  halide  film 

•  smaller  structures;  more  functional  applications,  color  films 

Ceramics  (rapid  microfabrication  of  complex  ceramic  microstructures) 

•  C/Si:  new  start  to  convert  Si  layer  on  glassy  C  to  SiC 

•  Si/B/C/N:  improve  fidelity;  fabricate  useful  structures  such 
as  membranes  and  microcomponents 

3D  microfabrication  in  microfluidic  systems  (BWD) 

•  apply  methods  to  systems  that  require  compactness  or  have 
topological  constraints 

•  generate  complex  fluidic  components 


SMART  MATERIALS  SYSTEMS  THROUGH 
MESOSCALE  PATTERNING 


Micropatterning  through 
Field-Assisted  Flow 
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SRINIVAS  MANNE^  LINBO  ZHOU*,  ANTHONY  KU*^ 

HAK  FEI  POON*  MACIT  OZENBAS^ 


Departments  of  *Chemical  Engineering,  *Physics,  and 
^Princeton  Materials  Institute 
Princeton  University,  Princeton,  New  Jersey  08544 

^Department  of  Chemistry,  Harvard  University 
Cambridge,  Massachusetts  021 38 

^Department  of  Physics,  Cornell  University 
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Princeton  University 


i2 

(t; 

o 

CD 


o 

C 

(0 

U) 


(0 


o 


o  o 

p  3 

^  O 

o  £ 


(0 

c 

o 

IHH 

€5 

o 

a 

Q. 

(0 

0) 

o 


> 

<D 

o  ^  ^ 

O  -Q 


E  £ 


(/) 

0) 


_ 

0)  O  3 

^  0)  ^ 

^  £  (0 

"O 

o 
c 


o 


c5  2 

C  £  Q. 


(0 


Q.  (/) 

o  o 
>  E 

Q  8 


Q. 

O 

0) 

> 

0) 

o 


•C 

o 

(Q 

I  ° 

^  .E 


JQ 

"O 

O 

o 


(/) 

E 

o 

■  MM 

E 

(0 

o 

o 


(0 

c 

.O 

c 

0) 

> 

c 

o 

o 


o 

0 

D) 

0 

CO 


o 

o 

■15  ^ 

8| 

O  o 
O  0) 


o 

CO 

g) 

o 


(0 

o 


o 

o 


0 

"c 

CO 

o 

0 

0 

o 

"D 

CD 

N 

0 

TD 

C 

0 

0 

> 

'(/) 

c 

0 

Q. 

X 

LU 


Department  of  Chemical  Engineering  and 
Princeton  Materials  Institute 
Princeton  University 


Partial  support  from  the  NSF/MRSEC  (DMR  94-00362  and  DMR  98-09483) 
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Smallest  diameter  100  nm  (?) 

Deployment,  spreading,  solidification  --  controi  by  e-forces  shaped 
electrodes 

Balance  fluid  properties  with  particies  to  produce  a  filament,  deploy  it. 
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Cone-jet  transition  of  a  37.8  vol% 
AKP-50  suspension  dispersed  in  ethanol 
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Templation  and  Extraction 


Nanoporous  silica 


Procedure 


Changes  in  the  Liquid  Phase  during  Templating 
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Reaction  Stages  (arbitrary  time  scale) 


Effect  of  Methanol  on  L3  Liquid  Crystal 
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Generalized  Amphiphile 


Polystyrene  Polyisoprene 


Plumber’s  Nightmare  (Ia3d) 


Tate  etal.,  Chem.  Phys.  Lipids  57  (1991)  147 


Copolymer  Phase  Behavior 


Matsen  and  Schick  (1994) 


Tomograph  of  cylinder  phase  of  copolymer  blend;  10°  rotations. 
Spontak  et  ai,  Macromol.  29  (1996)  4496 


Tomograph  of  gyroid  phase  of  copolymer  blend;  20°  rotations. 
Spontak  et  ai,  Macromol.  29  (1996)  4496 


Microphase  Separation 


■  xN  controls  segregation 

■  N^/Nb  controls  phase  structure 


strategy 


characterize  by  x-ray 


Microphase  Separation 
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Three  isomers  of  poly(isoprene) 


Experimental  Procedure 
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Thin  films  and  coatings 

*  Postdoctoral  researcher  support  provided  for  two  years  ($100, 000) 
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Flexible,  sponge-like  liquid  crystal  composed  of  surfactant  bl layers 
separating  primary  volume  into  2  bicontinuous  volumes 

5  nm  - 1  pm  cell  lengths  (L)  Inversely  related  to  q  vector  (q  =  4nsln9/1.54  A) 

'Vilution  effect:”  increasing  solvent  content  expands  cell  length 
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•  Robustness  and  error  insensitive  (e.g.,  redundant) 

*  Postdoctoral  researcher  support  provided  for  two  years  ($100,000) 
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Continuous  films  for  low  k  dielectric  applications 

♦  High  uniform  porosity  with  structural  coherence 
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Spin-coating  retains  apparent  L3  structure  with  tunabie 
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■  Passivating  iayers 

■  Activated  surfaces  (biosensors,  metaiiization) 


